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ABSTRACT  
The brain-specific Ras/Rap-GTPase activating protein (SynGAP) is a prime candidate linking 
N-methyl-D-aspartate (NMDA) receptors to the regulation of the ERK/MAP kinase signalling 
cascade, suggested to be essential for experience-dependent synaptic plasticity. Here, we 
evaluated the behavioural phenotype of SynGAP heterozygous knockout mice (SG+/-), 
expressing roughly half the normal levels of SynGAP. In the cognitive domain, SG+/- mice 
demonstrated severe working and reference memory deficits in the radial arm maze task, a 
mild impairment early in the transfer test of the water maze task, and a deficiency in 
spontaneous alternation in an elevated T-maze. In the non-cognitive domain, SG+/- mice were 
hyperactive in the open field and appeared less anxious in the elevated plus maze test. In 
contrast, object recognition memory performance was not impaired in SG+/- mice. The 
reduction in SynGAP thus resulted in multiple behavioural traits suggestive of aberrant 
cognitive and non-cognitive processes normally mediated by the hippocampus. 
Immunohistochemical evaluation further revealed a significant reduction in calbindin-positive 
interneurons in the hippocampus and doublecortin-positive neurons in the dentate gyrus of 
adult SG+/- mice. Heterozygous constitutive deletion of SynGAP is therefore associated with 
notable behavioural as well as morphological phenotypes indicative of hippocampal 
dysfunction. Any suggestion of a possible causal link between them however remains a matter 
for further investigation.  
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INTRODUCTION  
The brain-specific synaptic Ras/Rap-GTPase activating protein (SynGAP) is a major 
component of the glutamatergic postsynaptic density (PSD, Kennedy, 2000), a complex that 
mediates the postsynaptic signalling events following N-methyl-D-aspartate receptor 
(NMDAR) activation, including long-term synaptic modifications (Bliss & Collingridge, 
1993; Collingridge & Singer, 1990) that may underlie some forms of learning and memory 
(see Martinez & Derrick, 1996; Martin et al., 2000). Pharmacological and genetic disruptions 
of hippocampal NMDARs readily impair hippocampal LTP and result in various mnemonic 
dysfunctions (Bannerman et al., 2008; Bolhuis & Reid, 1992; Kawabe et al., 1998; McHugh 
et al., 2008; Morris et al., 1986; Morris, 1989; Nakazawa et al., 2002, 2003; Niewoehner et 
al., 2007; Sakimura et al., 1995; Shimizu et al., 2000; Steele & Morris, 1999; Tang et al., 
1999; Tsien et al., 1996). Due to the functional solidarity between NMDARs and the 
associated PSD complex, molecular disruptions of specific PSD proteins (including SynGAP) 
have similarly been shown to disrupt synaptic plasticity and memory functions (Cuthbert et 
al., 2007, Komiyama et al., 2002; Migaud et al., 1998, Zeng et al., 2001).  
 SynGAP is abundantly expressed at the glutamatergic PSD (Kennedy, 2000). It is linked to 
the NMDAR complex by PSD-95 and SAP-102 (Chen et al., 1998; Kim et al., 1998), and 
phosphorylated by alpha Ca2+/calmodulin dependent kinase II (Krapivinsky et al., 2004; Oh et 
al., 2004). By negatively regulating Ras and Rap GTPase activity, SynGAP facilitates the 
cross-talk between NMDAR activation and the ERK/MAP kinase signalling cascade (Chen et 
al., 1998; Kim et al., 1998; Krapivinsky et al., 2004; Pena et al., 2008). Reduction of SynGAP 
up-regulates ERK and suppresses p38 MAPK function (Komiyama et al., 2002; Rumbaugh et 
al., 2006), and can thereby disrupt LTP induction (Kim et al., 2003; Komiyama et al., 2002).   
 Homozygous SynGAP deletion leads to premature death, extensive apoptosis, and 
precocious glutamatergic spine and synapse formation (Carlisle et al., 2008; Kim et al., 2003; 
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Knuesel et al., 2005; Vazquez et al., 2004). Such fundamental brain alterations are expected to 
produce extensive and severe behavioural dysfunction. A few behavioural studies have been 
performed in heterozygous SynGAP knockout mice as they readily survive to adulthood.  
 The most notable phenotypes observed in heterozygous SynGAP knockout mice appear to 
involve spontaneous behaviour: hyperactivity, anxiolysis and hyper-arousal (Guo et al., 2009; 
Muhia et al., 2009). In contrast, the cognitive deficits reported were mild (Komiyama et al., 
2002) or inconsistent (Muhia et al., 2009), and may stem from sensorimotor impairment (Guo 
et al., 2009). Here, we provide a comprehensive assessment of memory function using 
multiple paradigms: water maze, radial arm maze, object recognition, and T-maze. Activity, 
anxiety and sensorimotor functions were also examined here, since our mice were generated 
using a molecular approach and genetic background differing from others (Guo et al., 2009; 
Komiyama et al., 2002). As a first step to evaluate possible brain correlates of the behavioural 
phenotypes identified here, hippocampal morphology was separately examined in a 
behaviourally naïve cohort, age-matched against the behaviourally tested subjects. 
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MATERIALS AND METHODS  
Subjects  
The SG+/- mice and wild type littermate SG+/+ controls were generated here as previously 
described (Vazquez et al., 2004). They were maintained in a pure C57BL/6 background for 
more than 15 generations of backcrossing from the initial chimeras. They were bred by 
crossing adult female SG+/+ with male SG+/- mice at our in-house SPF facility (Laboratory of 
Behavioural Neurobiology, Schwerzenbach, Switzerland). This specific breeding strategy in 
combination with frequent renewal of breeders can overcome the breeding difficulties 
reported by Carlisle et al. (2008), who adopted instead an SG+/- × SG+/- mating regime to 
generate their experimental subjects.  
 The subjects were weaned, sexed, and genotyped by standard PCR (see Vazquez et al., 
2004), at 3 weeks of age. The behavioural studies reported here were conducted in three 
independent cohorts as illustrated in Table 1, totalling 45 SG+/- mutant and 45 wild type 
(SG+/+) littermate controls. They were singly-caged prior to behavioural testing, which began 
when they were 10-12 weeks old. An additional cohort of naïve mice (comprising 4 animals 
per sex and genotype) was sacrificed at 15-16 weeks of age, to coincide with the termination 
of behavioural experiments, for the sole purpose of brain immunohistochemical analyses.  
 All animals were kept under a reversed light-dark cycle (lights on from 1900-0700h) in a 
temperature (21 ± 1°C) and humidity (55 ± 5%) controlled room. Food (Kliba 3430, 
Kaiseraugst, Switzerland) and water were available ad libitum unless otherwise stated. Food 
deprivation was required for the radial arm maze experiment, when the animals were 
maintained on a restrictive diet to achieve no more than 15% reduction of their original body 
weight. All behavioural tests were conducted in the dark phase of the light-dark cycle. The 
subjects’ genotypic identity was re-confirmed by PCR following the conclusion of all tests. 
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All procedures described here had been approved by the Ethics Commission of the Zurich 
Veterinary Office in accordance with the Animal Protection Act of Switzerland (1978), 
conforming to the European Council Directives 86/609/EEC on animal experimentation.  
 
Behavioural Procedures 
Hanging wire test  
A standard wire cage lid was used, with the perimeter walled off by masking tape to prevent 
the mice from walking off the edge. To begin the test, a mouse was placed in the centre of the 
wired area, which was then gradually inverted so that the mouse was suspended upside down 
at 30 cm above a soft surface. The mice received two trials, with an inter-trial interval of 15 
minutes (ITI=15 min). The time at which each mouse fell was recorded, with a maximum of 
60 s. 
 
Accelerating rotarod test  
The Ugo-Basile Model 7650 (Comerio, VA, Italy) accelerating rotarod for mice was used. 
Five subjects were tested concurrently and placed on the rotating drum at a baseline speed of 
4 rpm. During the 5 min testing period, the speed was increased linearly to 40 rpm. The mice 
were given three trials with an inter-trial interval of 1h. The latency to fall from the rotating 
rod was recorded, with a maximum of 300 s.  
 
Thermal nociception test  
Putative alterations in pain sensitivity in SG+/- mice were investigated using the nociception 
testing system described by Galbraith et al. (1993). Key components included a focal heat 
source, a thermostatic glass floor (kept constant at 30°C), an accurate timing system, and an 
automated movement detection scheme that sensed the withdrawal of the affected foot. The 
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heat source was a quartz halogen projector bulb; the centreline of which was located 35.5 mm 
below the surface of the glass floor, giving an output field area of 18 mm2 to stimulate the 
footpad. A joystick allowed precise positioning of the lamp at any point under the glass floor. 
The animals were placed individually in Plexiglas cubicles and allowed to acclimatize to the 
apparatus for 60 min. Testing was initiated by turning on the heat source, which was 
automatically terminated when the animal withdrew its foot from the glass floor. Foot 
withdrawal was detected by a set of phototransistors located below the foot, which could 
sense a decrease in reflected light intensity. Pain sensitivity was indexed by the latency (sec) 
of right and left front paw withdrawal.   
 
Elevated plus maze test 
The expression of spontaneous anxiety-like behaviour was assessed in this test. It was 
performed twice (Experiments 1.1 and 3.1) in this study in an identical manner and using two 
independent cohorts of mice (see Table 1). The apparatus and test procedure have been 
described in detail elsewhere (Yee et al., 2004). Here, the test session lasted 5 min, during 
which the animals were allowed to explore the maze freely before being removed and 
returned to the home cage. A digital camera was mounted above the maze; images were 
captured at a rate of 5 Hz and transmitted to a computer running the Ethovision tracking 
system (Noldus Technology, Wageningen, The Netherlands). Two anxiety-related measures 
were scored: (i) Percentage frequency of entries made to the open arms [open/ (open + 
closed) × 100%]; (ii) Percentage time spent in the open arms [open/ (open + closed) × 100%]. 
In addition, the distance travelled in the maze during the 5 min session was recorded. 
Experiment 3.1 was performed, first of all as a replication, and secondly in order to obtain 
additional anxiety-related measures: head dips and stretch-attend postures, as defined by Wall 
and Messier (2001) and Weiss et al. (1998). 
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Spontaneous open field activity 
The open field procedure has been described previously (Hauser et al., 2005). Each subject 
was gently placed in the centre of the open field and tested for 60 min, after which the arenas 
were cleansed with a damp cloth prior to the next trial. Locomotor activity was indexed by 
the distance travelled (m). The frequency of entries and distance travelled (cm) in the centre 
of the open field were recorded as an index of anxiety.  
 
Morris water maze test for reference memory  
The water maze consisted of a circular tank (diameter 1 m, height 36 cm); filled with water 
(at 24 ± 1 °C) to a depth of 20 cm. Fresh tap water was used on each testing day. Four equally 
spaced cardinal points (N, S, E and W) were designated on the circumference of the pool. 
Automated swim path monitoring was provided by the Ethovision tracking system (Noldus 
Technology, Wageningen, The Netherlands).  
  Visible platform training: On day 1, the mice were tested on 4 consecutive trials (ITI = 
1 min) in the cued version of the task to find a submerged platform that was indicated by a 
salient local cue visible above the water level. The starting point (SE) was constant across 
four trials, but the escape platform was positioned in four different locations (centre of 
quadrants NE, NW, SW and the centre of the pool) in a randomized manner across trials as 
well as amongst subjects. A trial ended when an animal escaped onto the platform or when 60 
s had elapsed, after which the animal would be guided to the platform by the experimenter. 
The animals were allowed to spend 30 s on the platform, and then placed into a waiting cage 
for a further 30 s before the next trial then began.  
  Hidden platform training: On days 2 to 10, the animals were trained to locate the 
escape platform (7 cm in diameter) submerged 1 cm below the water surface in a constant 
location (middle of SE quadrant). The starting positions were varied in a pseudorandom 
 8
sequence across two trials: with N, E, S, and W, each being used once. The variables used to 
determine performance in the task included: escape latency (sec), distance swum (path length) 
to reach the platform (cm) and swim speed (cm/sec).  
  Transfer test: On day 11, a 60 s transfer test was conducted with the platform removed 
from the water maze and with performance evaluated by percentage path length and time 
spent in the target quadrant in comparison with the other quadrants.  
 
Radial arm maze test for reference and working memory  
The radial arm maze is considered to be more sensitive in spatial learning deficit detection, 
providing discrimination between spatial reference and working memory, as well as the 
opportunity to use associative mechanisms (Jarrard, 1983; Olton & Papas, 1979). Spatial 
reference and working memory were assessed using an eight arm radial arm maze consisting 
of eight identical and equally spaced arms (40 × 10 cm; length × width) surrounded by 20 cm 
transparent Plexiglas walls. All arms radiated from a central octagonal platform (34 cm in 
diameter), which was surrounded by Plexiglas doors (35 × 10 cm; length × width) that could 
be opened and closed automatically by a computer programme (VisualBasic6-program by P. 
Schmid). At the distal end of each arm was a cylindrical food well (1 cm diameter; 1 cm 
deep). The maze was elevated 77 cm above the floor in a well lit room that contained various 
extra maze cues. Three weeks prior to experiment commencement, the mice were introduced 
to a food deprivation regime, with body weight monitored daily and not allowed to drop 
below 85% of the free-feeding weight. During the experiment, the mice were rewarded with 
20mg Noyes Precision Food Pellets™ (Research Diets Inc, NJ, USA). 
  Habituation: The mice were habituated to the apparatus for 8 min daily across 6 days, 
during which they were allowed to freely explore the maze and consume food pellets that 
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were distributed along the arms. On each successive day, the pellets were placed closer to the 
distal end of each arm. 
  Acquisition: The mice were trained in the four baited/four un-baited version (Jarrard, 
1983) in which the same four randomly chosen alternate arms were baited throughout the 
experiment, always leaving an un-baited arm adjacent to each baited arm. The baited arms 
were pre-baited with one reward pellet prior to the beginning of each trial. Once consumed, 
reward pellets were not replaced within a trial.  At the start of each trial, which lasted 10 min, 
the mouse was placed on the central platform with all doors closed. After 5 s, the doors were 
opened and the mouse was allowed free access to all arms. The mouse was considered to have 
chosen a specific arm once it was detected in the middle of the arm. All doors then closed 
automatically and the mouse was confined in the arm for 20 s. The confinement was 
necessary in order to avoid the clockwise serial searching strategy that is often observed in 
freely exploring animals (Dubreuil et al., 2003; Olton et al., 1977). After 20 s, the door to the 
visited arm opened and then closed again once the mouse had returned to the central platform, 
where it was confined for 5 sec before the next choice was made. Errors were classified into 
three different types. Firstly, reference memory (RM) errors were defined as the first entry 
into any arm that was never baited. The maximum possible number of RM errors in a session 
was therefore four. Secondly, all re-entries were classified as working memory (WM) errors. 
WM errors were further divided into two categories as recommended by Jarrard (1983): (i) 
working memory ‘correct’ (WMC) errors were defined as re-entries into baited arms where 
the reward had already been consumed; (ii) working memory ‘incorrect’ (WMI) errors were 
defined as re-entries into never-baited arms. The three types of errors were separately 
analysed. The experiment lasted 18 days, with one trial per day and a maximum of 10 min per 
trial allowed for collection of all four rewards. Subjects that failed persistently to consume 
any food pellets within 10 min were dropped from the experiment (see Table 1).  
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Spontaneous object recognition test 
The spontaneous object recognition task (Ennaceur & Delacour, 1988; Singer et al., 2007) 
examines familiarity discrimination and relies on the spontaneous tendency of rodents to 
explore novel stimuli (Dember & Fowler, 1958). The apparatus and procedure were adapted 
from Singer et al. (2007). Testing was conducted in a rectangular enclosure (61 × 40 cm; 
length × width), surrounded by 22 cm high transparent Plexiglas walls. The arena could be 
partitioned into three compartments by two Plexiglas walls. The bottom middle section of 
each partition wall contained a circular opening, 5 cm in diameter and positioned 1 cm above 
the arena floor. This allowed for easy access to the adjacent compartments once the mouse 
was placed in the central compartment. The openings could also be blocked by Plexiglas 
sliding doors. The arena was then placed into a larger box (82 × 82 cm) made of white opaque 
Plexiglas walls, in order to minimize interference by extra-maze cues. The whole apparatus 
was placed on a table (68 cm above the floor) in a dimly lit testing room. The position of the 
equipment within the experimental room remained constant throughout the experiment.  
 The objects (in triplicate) were made from glass, plastic or ceramic, and were varied in 
shape, size and texture. They were weighted to avoid displacement or being knocked down 
during the trials. The height of the objects was designed to make it difficult for the mice to 
climb or rest on them during the trial. At the end of each trial, the objects were cleansed with 
5% ethanol to eliminate odour cues. 
 A video camera was mounted 1 m above the arena. Sample and choice trials were stored in 
a special computer video programme (NERO express) for off-line analysis. Differential 
object exploration was scored manually using the Noldus Observer® by the experimenter 
who was blind to the genotypic or sexual identity of the animal. Exploration was defined as 
directing the nose at a distance of 1 cm or less from the object or touching it with the nose. 
Turning around or sitting on the object was not considered exploration. 
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  Habituation: On day 1, the mice were habituated to an empty arena, in the absence of 
partition walls. On day 2, the mice were familiarized to the arena with the partition walls in 
place, and in the presence of a pair of identical objects (A1 and A2). Habituation on both days 
consisted of a 10 min period for each mouse, during which locomotor activity was recorded 
using the Ethovision tracking system (Noldus technology, Wageningen, Netherlands). 
  Object Recognition: There were two consecutive phases: a sample phase and a choice 
phase. During the sample phase, two identical objects (A1 and A2) were placed in the side 
compartments. Each mouse was introduced to the central compartment with the sliding doors 
closed. One of the sliding doors was then opened, and the mouse was allowed to explore one 
of the objects (A1 or A2) for 5 min. The mouse was returned to the central compartment, and 
the sliding door to the other compartment was opened, such that it could explore the other 
object for a further 5 min. The mouse was then removed from the arena and either kept in a 
holding cage for a designated retention interval (1 min, 3 min or 40 min), or returned to its 
home cage to rest for the 24 h retention interval. The floor of the arena was cleansed with 5% 
ethanol between trials. In the choice phase, one compartment contained a third copy of the 
same object used during the sample phase (A3), and the other contained a novel object (B). 
The mouse was introduced to arena as before, but with both sliding doors opened allowing 
free exploration of the objects for 5 min. The objects were counterbalanced across subjects 
for each retention interval. Each animal received two trials for each retention interval 
separated by a 24 h resting period, hence a total of 8 trials. No animals were dropped from the 
final analysis due to lack of object exploration in the sample phase. 
 
Spatial spontaneous alternation task 
This test was used to investigate spatial working memory and is based on the tendency for 
rodents to explore a novel environment (Deacon and Rawlins, 2006). The apparatus consisted 
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of a modified elevated plus maze made of clear Plexiglas. One of the open arms was 
permanently closed off to create a T-maze (one open arm and two closed arms). The mice 
received 2 successive unrewarded trials as follows: At the start of a trial, the mouse was 
placed at the end of the open arm facing the experimenter and was briefly confined using a 
sliding door. After 30 s, the sliding door was removed and the mouse was allowed to move 
freely down the arm, making a choice between the two closed arms. The mouse was 
considered to have entered an arm once all its feet were inside the arm. A sliding door was 
then used to confine the mouse in the chosen arm for 10 s, after which it was gently removed 
from the arm and placed again onto the open arm for the next trial. The position of the 
experimenter remained constant throughout the test. The choice of the arm was noted by the 
experimenter for each trial. The maze floor was cleaned with a damp cloth between trials and 
with 5% ethanol between subjects. The mouse was considered to alternate if it entered a 
different arm during each trial. The number of animals from each genotype group that 
alternated was recorded.  
 
Immunohistochemistry  
Following the conclusion of behavioural experiments, animals from the behaviourally naive 
cohort (N = 4 per sex and genotype) that were maintained under identical housing conditions 
were anesthetized with an overdose of sodium pentobarbital (40 mg/kg BW) and perfused 
transcardially with 4% phosphate-buffered paraformaldehyde solution containing 15% picric 
acid. They were post-fixed in the same fixative over night and pre-incubated in sodium citrate 
buffer (pH 4.5) for 8 h at RT. Antigen retrieval was achieved by 90 sec microwave irradiation 
in fresh citrate (80 ml) buffer at 650 W. The tissue was rinsed in PBS, cryoprotected in 30% 
sucrose for 24 h, and stored at -80°C. Sections (40 µm thick) were cut coronally from frozen 
blocks with a sliding microtome and 12 randomly sampled serial sections from Bregma 1.70 
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mm to -3.20 mm were collected, rinsed in PBS, and stored at -20°C in cryoprotectant solution 
until further processing. 
For immunostaining, the sections were rinsed three times for 10 min in PBS. Blocking 
was done in PBS, 0.3% Triton X-100, 5% normal serum for 1 h at room temperature. The 
following primary antibodies were used: rabbit anti-calbindin (SWANT, Bellinzona 
Switzerland; diluted 1:10’000), horse-anti doublecortin (DCX, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA; 1:1’000). They were diluted in PBS containing 0.3% Triton X-100, 
2% normal serum and incubated overnight at room temperature. After three washes (10 min 
each) with PBS, the sections were incubated for 60 min with biotinylated secondary 
antibodies diluted at 1:500 in PBS containing 2% normal serum and 0.3% Triton X-100. 
Sections were washed again three times in PBS and incubated with Vectastain Kit (Vector 
Laboratories; Burlingame, CA; USA) diluted in PBS for 1 h. After three rinses in Tris-HCl 
0.1M pH 7.4, the sections were stained with 1.25% 3, 3-diaminobenzidine (DAB) and 0.08% 
H2O2 for 8-20 min. They were rinsed again four times (10 min each) in PBS. Finally, the 
sections were dehydrated through an alcohol series, cleared with xylene, and cover slipped 
with Eukitt® (Kindler GmbH, Freiburg, Germany).  
 Stereological cell number estimation: The total number of doublecortin- (sub-granular 
layer of the DG) and calbindin-positive neurons (whole hippocampus) was determined using 
the optical fractionator method (Gundersen et al., 1988). With the aid of the image analysis 
computer software Stereo Investigator (version 6.50.1, Microbrightfield, Colchester, VT), 
every section (from the 12 randomly sampled series) was measured, resulting in an average of 
twelve to fifteen sections per animal. The following sampling parameters were used: (i) a 
fixed counting frame (40 × 40 µm), and (ii) a sampling grid (250 × 250) µm. The counting 
frames were randomly placed by the software at the intersections of the grid within the 
outlined structure of interest. The cells were counted following the unbiased sampling rule 
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(Howard & Reed, 2005) using the 40× oil lens (NA 1.3) and included in the measurement 
when they came into focus within the optical dissector (height 10 µm). The total estimated 
number of doublecortin or calbindin-positive neurons per unit volume was calculated for each 
animal.  
 
Statistical analysis  
Parametric analysis of variance (ANOVA), analysis of covariance (ANCOVA), and Fisher’s 
exact test were used in the data analysis. All analyses were performed using SPSS for 
Windows (version 13, SPSS Inc. Chicago IL, USA) implemented on a PC running the 
Windows XP (SP2) operating system. A two-tailed Type I error rate of P < 0.05 was adopted 
as a yardstick for statistical significance. Near-significant effects were emphasized only when 
parallel analyses of complementary measures (e.g., the complementary measures of time and 
path length in the water maze test, or differing measures of anxiety related behaviour in the 
elevated plus maze) in the same experiment had provided such an indication. 
 All ANOVAs and ANCOVAs included the between-subjects factors: Genotype (mutant vs. 
wild type) and Sex (male vs. female), and repeated measures (within-subjects) factors as 
appropriated by the design of the experiment – these included factors such as Bins, Delays, 
Trials, Days and/or Blocks. For convenience to the reader, the precise levels of these repeated 
measures factors are specified in the appropriate results section when the design of the 
ANOVA/ANCOVA is first mentioned in full. All repeated measures factors with more than 2 
levels were also partitioned into orthogonal polynomial trends to allow an examination of 
major global trends responsible for the emergence of an overall significant repeated measures 
effect. This was implemented in addition to the use of Fisher’s LSD pair-wise comparisons in 
the examination of significant main effects as well as interaction terms. Additional restricted 
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ANOVAs were also conducted whenever appropriate to assist in the interpretation of 
complex interaction effects stemming from the overall multi-factorial ANOVA/ANCOVAs.  
 ANCOVAs were specifically employed in the analysis of data obtained in the hanging 
wire and rotarod tests to gauge the contribution of the confounding difference in body 
weights between sexes by taking into account individual differences (both within- and 
between-sex) in weights. 
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RESULTS  
Physical and neurological assessment  
Three paradigms were employed to assess putative physical and neurological function, which 
could potentially interfere with performance in subsequent behavioural tests. The results from 
the three experiments are summarized in Table 2.  
 
 Hanging wire test (Expt. 1.3): The SG+/- mice performed similarly to controls in the 
hanging wire test, which was used to assess muscle strength (Table 2). A 2 × 2 ANOVA 
(Genotype × Sex) of the average latency to fall across two trials, revealed no significant 
differences between both genotype groups. However, a significant main effect of Sex (F1,35 = 
13.63, P < 0.01) emerged, with females outperforming the males, possibly due to the lower 
body weight in female mice. Therefore, an additional ANCOVA of latency to fall was 
performed with body weight as covariate in order to assess the extent to which individual 
variability in body weight had contributed to this effect. The resulting change in the 
significance levels of the sex effect in the ANCOVA (F1,34 = 3.63, P = 0.065) suggested that: 
(i) individual differences in body weight might be considered to play a deciding role in 
whether a significant sex effect on performance reached statistical significance (in our data 
set), and that (ii) it is also apparent that variability in body weight was not the sole 
determinant on hanging wire performance given that the associated P-value was not far from 
α2 = 0.05.  
 
  Accelerating rotarod test (Expt. 1.4): In the accelerating rotarod test, a learning effect 
was evident across genotypes with both groups displaying an increase in the latency to fall 
across trials (Table 2). This impression was supported by a 2 × 2 × 3 (Genotype × Sex × 
Trials) ANOVA of the latency measure, which revealed a main effect of Trials (F2,70 = 17.19, 
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P < 0.001) that was solely attributed to its linear component (F1,35 = 8.86, P < 0.01). A 
Genotype × Trials interaction also emerged significantly (F2,70 = 4.64, P < 0.05), and 
subsequent pair-wise comparisons indicated that this interaction stemmed primarily from 
poorer performance by SG+/- mice relative to controls in trials 1 and 2. 
 The relevance of the sex difference was evident by the emergence of significant Genotype 
× Sex (F1,35 = 7.27, P < 0.05) and Genotype × Sex × Trials (F2,70 = 3.40, P < 0.05) 
interactions. The Genotype × Sex interaction was due to poorer performance in the female 
mutants relative to female control mice (P < 0.01). Male mutant and male control mice did 
not show any clear difference. This sex-dependent phenotype was, however, only evident in 
trial 1 (see Table 1), leading to the emergence of the three-way interaction. This was 
confirmed by separate 2 × 2 (Genotype × Sex) analyses restricted to each trial: a significant 
Genotype × Sex interaction was only revealed in trial 1 (F3,35 = 6.89, P < 0.01). Subsequent 
pair-wise comparisons once again confirmed that this effect stemmed primarily from poorer 
performance in the female mutant subjects (P < 0.01).  
 The sex-dependent nature of the phenotype prompted us once again to examine the impact 
of individual differences in body weight on performance. This was achieved by an ANCOVA 
of trial 1 performance (when the effect was most clear) using body weight as the covariate. 
The critical Genotype × Sex interaction remained highly significant (F3,34 = 6.78, P < 0.01), 
indicating that poorer performance in female mutants is unlikely attributable to individual 
variation in body weight. 
 
  Thermal nociception test (Expt. 1.5): Pain sensitivity was not substantially altered by 
SynGAP heterozygous knockout as assessed in the thermal sensitivity test (Table 2). A 2 × 2 
(Genotype × Sex) ANOVA of the foot withdrawal latency did not yield any significant effect.  
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Elevated Plus Maze Test of Anxiety (Expt. 1.1 and 3.1)  
  Expt. 1.1: A clear difference in anxiety-related behaviour was evident between SG+/- 
mice and controls. The SG+/- mice made more frequent entries into and spent more time in the 
open arms relative to SG+/+ controls. These impressions were confirmed by a 2 × 2 (Genotype 
× Sex) ANOVA of the percentage of entries into open arms (Genotype: F1,35 = 10.72, P < 
0.005; Fig. 1A) as well as the percentage time in open arms (Genotype: F1,35 = 5.91, P < 0.05; 
Fig. 1B). A 2 × 2 × 5 (Genotype × Sex × Bins) ANOVA of distance covered in the maze 
yielded a significant Genotype × Bins interaction (F4,140 = 3.46, P < 0.05). Subsequent pair-
wise comparisons indicated that the activity levels in SG+/- mice were significantly higher in 
the last three minutes of the test (Fig. 1C). Therefore, to assess a putative confounding effect 
of enhanced locomotor activity in this test, we analyzed the first two minutes of the test, in 
which activity levels did not differ between the two genotypes. A significant main effect of 
genotype emerged in the percentage of entries into open arms (F1,35 = 11.07, P < 0.005) as 
well as percentage time in open arms (F1,35 = 5.55, P < 0.05), indicating that the observed 
increase in entries and time spent in the open arms by SG+/- mutants were not confounded by 
enhanced locomotor activity.  
 
  Expt. 3.1: This experiment was performed not only as a replication of Expt 1.1 in 
another cohort of naïve mice, but it also allowed us to obtain additional measures of anxiety 
that had been omitted previously (Figures not shown). The key finding of reduced anxiety in 
SG+/- mice was successfully replicated based on the two previous measures of anxiety: 
percentage of entries into open arms (F1,15 = 10.99, P < 0.01), and percentage time in open 
arms (F1,15 = 9.05, P < 0.01).  
 In accordance with this impression, we recorded a significantly higher number of open arm 
head-dips in the SG+/- mice (F1,15 = 12.73, P < 0.01), consistent with the interpretation of an 
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anxiolytic phenotype [SG+/- mice = 19.63 ± 2.1; SG+/+ mice = 8.75 ± 2.3], although evaluation 
of stretch-attend postures did not yield any clear effect (P = 0.6; SG+/- mice = 7.71 ± 1.54; 
SG+/+ mice = 6.42 ± 1.7). Finally, it is notable that the anxiolytic phenotype here was 
demonstrated in the absence of any confounding changes in locomotor activity (P = 0.8). 
 
Spontaneous Open Field Activity (Expt. 1.2) 
Locomotor activity and spontaneous spatial exploration was assessed over a prolonged period 
in the open field. An overall difference in locomotor activity emerged between SG+/- mice and 
SG+/+ controls (Fig. 2A, B). SG+/- mice demonstrated a consistent elevation of locomotor 
activity with respect to SG+/+ controls. This was accompanied by a gradual reduction in 
activity levels over the test period for both genotype groups. Both interpretations were 
supported by a 2 × 2 × 12 (Genotype × Sex × Bins) split-plot ANOVA, which yielded a 
significant main effect of Genotype (F1,35 = 8.02, P < 0.01) and Bins (F11,385 = 35.65, P < 
0.0001). The interaction between genotype and bins did not achieve statistical significance. In 
addition, a significant Sex × Bins interaction emerged (F11,385 = 1.98, P < 0.05), reflecting that 
habituation was more pronounced in males than female subjects.  
 The SG+/- mice also demonstrated increased exploration of the centre of the open field 
relative to controls. This was confirmed by a significant main effect of genotype with regard 
to the mean distance travelled in (Fig 2C; F1,35 = 5.39, P < 0.05), as well as the frequency into 
(Fig 2D; F1,35 = 6.68, P < 0.05), the centre of the open field.  
 
Water Maze Spatial Reference Memory Test (Expt. 2.2) 
 Visible platform training: This stage of the test served to assess the possible 
confounding changes in motivation as well as sensory and motor (visual and swimming) 
functions, and to familiarize the animals to the basic water maze escape procedure. 
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Performance was indexed by separate analyses of escape latency (Fig. 3A) and path length 
(Fig. 3D). Both groups appeared to improve over trials, but separate 2 × 2 × 4 (Genotype × 
Sex × Trials) ANOVAs of the two measures yielded only a significant Trial effect in terms of 
path length (F3,84 = 3.83, P < 0.05) though not in escape latency (F3,84 = 2.23, P = 0.09). This 
discrepancy led us to examine if the latency measure might be confounded by a systematic 
reduction in swim speed, thereby undermining the reliability of the latency measure to index 
performance. A 2 × 2 × 4 (Genotype × Sex × Trials) ANOVA of swim speed indeed yielded a 
significant Trials effect (F3,84 = 3.14, P < 0.05) with average swim speed falling from trials 1 
to 4 ± SEM (SG+/+ mice: 20.5 ± 0.9, 20.4 ± 1.1, 18.6 ± 1.1 and 18.2 ± 1.1  cm/s; SG+/- mice: 
18.5 ± 0.9, 19.7 ± 1.1, 17.6 ± 1.1 and 17.4 ± 1.1  cm/s). This suggests that the path length 
measure provides a more accurate depiction of performance over trials, supporting the 
impression that there was clear improvement over trials. None of the analyses yielded any 
indication for a difference between SG+/- and SG+/+ mice.  
 
 Hidden platform training: Acquisition of the hidden platform task was comparable 
between genotypes both in terms of escape latency (Fig. 3B) and path length (Fig. 3E). 
Separate 2 × 2 × 9 × 2 (Genotype × Sex × Days × Trials) split-plot ANOVAs of the two 
measures again yielded divergent outcomes in terms of overall improvement over days. 
Analysis of path length yielded a highly significant main effect of Days (F8,224 = 3.96, P < 
0.001), which was solely expressed in the linear component (F1,28 = 14.56, P < 0.01), and this 
is consistent with the decrease in average path length across the 9 days (Fig. 3B). In contrast, 
parallel analysis of escape latency failed to reveal a significant Days effect. Again, when 
swim speed was examined, a significant reduction was detected over days (F8,224 = 7.36, P < 
0.001), and this was responsible for the divergent statistical outcomes between the latency 
and path length measures. There was no difference in swim speed between genotype groups 
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(SG+/+ =21.2 ± 0.8 cm/s, SG+/- =19.8 ± 1.1 cm/s). The latency measure was therefore 
confounded by the slowing of swim speed over days, and path length (being independent of 
speed) represents a more accurate measure of performance. None of the analyses yielded any 
indication for a difference between SG+/- and SG+/+ mice.  
 
 Transfer test: The transfer test was performed 24 h after the last acquisition trial. The 
spatial pattern made by the animals in search of the platform was examined by comparing the 
percentage time spent and percentage path length in the target quadrant relative to the other 
quadrants in four discrete 15 s bins. Overall, both groups showed a clear preference for the 
target quadrant, suggesting that they focused their search in the target quadrant where the 
platform was located during training (Fig. 3B, C). This impression was confirmed by separate 
2 × 2 × 4 × 4 (Genotype × Sex × 15 s-bins × Quadrants) split-plot ANOVAs of percentage 
time and path length per quadrant; both yielded a significant main effect of Quadrant (% time: 
F3,84 = 20.11, P < 0.0001; % path length F3,84 = 24.28, P < 0.0001). There was no indication 
of any difference between groups. However, as depicted in Fig 3C and 3F, performance in the 
first 15 s period of the transfer test is suggestive of a relative lack of a target quadrant 
preference in the SG+/- mice compared with controls. A 2 × 2 (Genotype × Sex) ANOVA was 
therefore conducted to compare percentage time and path length in the target quadrant during 
the first 15 s. A significant Genotype effect was revealed in the percentage path length 
analysis (F1,28 = 4.54, P < 0.05), with a similar but non-significant effect based on percentage 
time in target quadrant (F1,28 = 3.81, P = 0.06). Taken together, there is tentative evidence to 
suggest that performance in the transfer test differed between groups, although this effect was 
transient and limited to the first 15 s.  
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Spatial Reference and Working Memory in the Radial Arm Maze (Expt. 1.6) 
The SG+/- mice were also evaluated in the four baited/four un-baited RAM task adopted from 
Jarrard (1983) that allows a within-subject within-task evaluation of both spatial working and 
reference memory. Learning is indexed by a decrease in the number of reference (RM) and 
working (WM) errors with increased training. As summarized in Table 1, eleven mice [Four 
SG+/+ mice (3 females; 1 male) and seven SG+/- mice (4 females; 3 males)] failed to readily 
consume the reward pellets during testing and were dropped from further training. The final 
results are based on the remaining mice, which all explored the maze without any apparent 
signs of anxiety and readily consumed the pellets.  
 
  Reference memory component: The RM errors recorded during acquisition were 
subjected to a 2 × 2 × 9 (Genotype × Sex × 2-day blocks) ANOVA, which yielded a marginal 
main effect of Blocks (F8,192 = 1.96, P = 0.05) and a Genotype × Blocks interaction (F8,192 = 
2.0, P < 0.05). Separate 2 × 9 (Sex × 2-day blocks) ANOVAs restricted either to the mutant 
or control mice indicated that the SG+/+ mice made progressively fewer RM errors over 
training blocks (F8,80 = 3.21, P < 0.005), whilst SG+/- mice demonstrated no such 
improvement across training (Fig. 4A; F8,112 < 1, NS).  
 
  Working memory component: A difference in acquisition of the working memory 
component of the task was also apparent between groups (Fig. 4B and 4C). Working memory 
errors, defined as any arm re-entries, were further subdivided into re-entries to correct once-
baited arms [WM ‘correct’ errors (WMC)] or re-entries to incorrect never-baited arms [WM 
‘incorrect’ errors (WMI)], as recommended by Jarrard (1983). These were separately 
analysed by a 2 × 2 × 9 (Genotype × Sex × 2-day blocks) ANOVA. A significant effect of 
Genotype was detected in both types of working memory errors (WMC errors: F1,24 = 9.96, P 
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< 0.01; WMI errors: F1,24 = 6.49, P < 0.05). SG+/- mice made more re-entry errors regardless 
of whether the arms were assigned to be a once-baited or a never-baited. This lack of 
distinction is consistent with the impression of a lack of improvement in reference memory 
with increased training. 
 
Object recognition memory (Expt. 2.3) 
Object recognition memory was then assessed by comparing the exploration time of the novel 
object to that of the familiar object. The distinction between the novel and the familiar object 
requires absolute familiarity judgement and was assessed using four different delay intervals: 
1 min, 3 min, 40 min and 24 h, in order to increase the retention demand. Exploration time 
directed to the familiar and novel objects in the test phase was subjected to 2 × 2 × 2 × 4 
(Genotype × Sex × Novelty × Delays) split-plot ANOVA. As depicted in Fig. 5, a tendency 
towards a preference for the novel object was consistently seen in both mutant and control 
mice, and across different delays.  
 The exploration time of the familiar and novel object in the test phase was analyzed in a 2 
× 2 × 2 × 4 (Genotype × Sex × Novelty × Delays) split-plot ANOVA, which yielded a 
Novelty × Delays interaction (F3,36 = 3.74, P < 0.05) and significant effect of Novelty (F1,12 = 
14.58, P < 0.005), indicating preference to explore the novel object. Neither a main effect of 
Genotype nor its interactions were detected in ANOVA, suggesting that object recognition 
was comparable for both groups. Irrespective of genotype, a general sex difference was 
detected as indicated by Sex × Delays interaction (F3,36 = 3.67, P < 0.05), Sex × Novelty 
interaction (F1,12 = 7.78, P < 0.05) and Sex × Novelty × Delays interaction (F3,36 = 7.14, P < 
0.005), attributable to better performance by the female subjects. A significant main effect of 
delays was also detected (F3,36 = 8.88, P < 0.005), due to the increased exploration in the 3 
min delay interval.  
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 Further analysis of preferential discrimination using a discrimination ratio (time of novel 
exploration - time of familiar exploration/ total time of object exploration; Ennaceur and 
Delacour, 1988) was conducted as a measure of object exploration. Both genotype groups 
demonstrated a preference for the novel object given that the discrimination ratio was positive 
across all delays. The discrimination ratio averaged across all delays was: SG+/+ mice (0.20 ± 
0.08); SG+/- mice (0.23 ± 0.08).  
 
Spontaneous T-maze Alternation (Expt. 2.1) 
The tendency to select the un-visited arm on the second trial was markedly reduced in the 
SG+/- mice compared to SG+/+ controls. 11 out of 16 SG+/+ control mice alternated their 
response, whereas only 4 out of 16 SG+/- mice exhibited an alternation. This pattern of results 
yielded a significant effect (P < 0.05) when subjected to Fisher’s exact test.  
 
Immunohistochemical Evaluation 
 Calbindin staining of specific GABAergic neuron populations: Full-knockout SynGAP 
mice at post natal day 1 revealed significantly more calbindin (CB)-positive GABAergic 
neurons undergoing apoptosis as compared to control littermates (Knuesel et al., 2005). We 
therefore assessed in age-matched (against the behaviourally tested cohort) behaviourally 
naïve SG+/- mice whether a similar reduction in CB-positive interneurons was evident, which 
could potentially contribute to abnormal network activity in the hippocampus. Stereological 
evaluation of calbindin immunoreactivity in SG+/- mice revealed a substantial decrease in CB-
positive cells in CA1 and CA3 hippocampal subfields of SG+/- mice (Fig. 6A-F and I). A 2 × 
2 (Genotype × Sex) ANOVA revealed significantly fewer CB-positive neurons selectively in 
the hippocampal CA1 stratum oriens (CA1 so; F1,12 = 10.92, P < 0.05), CA3 stratum oriens 
(CA3 so; F1,12 = 29.05, P < 0.0001) and CA3 stratum lucidum (CA3 sl; F1,12 = 7.17, P < 0.05) 
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of SG+/- mice, indicating a long-term reduction of this important pool of inhibitory 
interneurons in SG+/- mice.  
 Doublecortin staining: Given the working memory deficit observed in SG+/- mice, we 
investigated whether this impairment might correlate with a failure in production and 
incorporation of functional adult-generated neurons into the hippocampal circuitry, suggested 
to favour the encoding and storage of certain types of memories (Bruel-Jungerman et al., 
2007). We therefore evaluated the number of newly differentiated granule cells in the dentate 
gyrus from sections obtained from both groups of mice using the well established marker of 
newborn neurons, doublecortin (DCX). Immunohistochemical and stereological evaluation 
revealed that the number of doublecortin positive cells in the DG was significantly lower in 
the SG+/- mice (Fig 6 G, H and J). This was confirmed by a 2 × 2 (Genotype × Sex) ANOVA 
of DCX -positive cells, which yielded a significant main effect of Genotype (F1,12 = 7.42, P < 
0.05). 
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DISCUSSION 
Here, constitutive heterozygous SynGAP knockout mice with approximately half the normal 
brain levels of SynGAP displayed several phenotypes resembling the known effects of 
hippocampal damage. Although the impact on some tests was not as severe as that seen 
following hippocampectomy, our results suggest that global reduction in SynGAP expression 
might disturb hippocampus-dependent learning and memory processes, presumably via its 
direct effect on the Ras/Rap postsynaptic signalling cascade following NMDA receptor 
activation. In line with the original report by Komiyama et al. (2002), our SG+/- mice showed 
a mild transient spatial deficit in the transfer test of the water maze reference memory test. In 
contrast, a more severe learning deficit was demonstrated in the radial arm maze. Another 
severe deficit was seen in the form of reduced spatial alternation in the elevated T-maze. In 
the non-cognitive domain, SG+/- mice were hyperactive in the open field and showed reduced 
anxiety in the elevated plus maze test. Finally, object recognition performance, which does 
not depend on the integrity of the hippocampus (Brown & Aggleton, 2001; Hannesson et al., 
2005; Winters et al., 2008; also see: Ainge et al., 2006; Clark et al., 2000; Mumby, 2001) was 
not impaired in our SG+/- mice.  
 
The magnitude and nature of water maze & radial arm maze deficits 
The impairment observed in the water maze was limited to the early phase (first 15 s) of the 
transfer test, although a preference for the target quadrant remained evident in the SG+/- mice 
when the entire 60 s period of test was considered. A similar transient impairment was 
reported earlier, even when the transfer test was conducted 10 min (instead of 24 h) after the 
final acquisition trial (Komiyama et al., 2002). Our finding further refutes the possibility that 
the weakness of the transfer test deficit reported by Komiyama et al. could be attributable to 
the relatively low (temporal) retention demand, because prolonging the retention period to 24 
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h here did not exacerbate the transfer test impairment. Instead, a similar outcome emerged, 
suggesting that this phenotype stemmed perhaps from an effect of SynGAP deficiency on 
memory retrieval rather than retention (maintenance of the memory trace over time) as such. 
Indeed, transfer test performance in the SG+/- mice after the first 15 s was comparable to the 
SG+/+ controls. This view may explain why the deficit was most pronounced at the beginning 
of the transfer test. However, this presumed retrieval deficiency did not lead to a clear 
acquisition deficit even when we analyzed the first trial of each day only, suggesting that the 
presence (during acquisition) or absence (in the transfer test) of the platform in the pool might 
determine whether the phenotype can be detected. Similar to us, Komiyama et al. (2002) 
failed to identify any gross acquisition deficit in their SynGAP mutants. Nonetheless, the 
authors suggested that the observed memory dysfunction in their mutants might reflect 
deficits in memory induction on the basis of their observation that hippocampal LTP is 
impaired in these mice. This suggestion is consistent with reports that Ras signalling cascade 
is involved in the biochemical events leading to memory induction (Brambilla et al., 1997; 
Mazzucchelli & Brambilla, 2000), such that other interventions targeting the Ras signalling 
cascade (e.g., heterozygous Neurofibromatosis 1 mutation, Silva et al., 1997) also produce a 
similar pattern of results in water maze learning. The emphasis of SynGAP’s role in the 
induction of LTP is, however, not necessarily in conflict with our suggestion of a preferential 
retrieval deficit in the SG+/- mice, because a disruption in the initial formation (induction) of a 
memory trace could subsequently affect its effective retrieval and then lead to poor 
performance.  
 Is it likely therefore that the severe working memory impairment observed in the RAM test 
may again reflect an underlying deficiency in memory retrieval processes, given that flexible 
retrieval is crucial for effective working memory performance? Here, one cannot readily 
identify the relative contributions of acquisition, retention or retrieval of a memory trace to 
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performance in the working memory component of the RAM task. Instead, the four-
baited/four-unbaited RAM procedure allowed us to analyze the reference memory function 
separately. A deficit in the acquisition of the reference memory component emerged in SG+/- 
mice – the mutant mice failed to show a significant reduction in reference memory errors over 
the course of acquisition training, indicating the possibility that SG+/- mice were not only 
inefficient in retrieving, but also in acquiring memory trace (c.f. Komiyama et al.’s 
interpretation). This is in sharp contrast to the absence of a clear acquisition deficit seen 
earlier in the water maze test. However, the SG+/+ control mice acquisition of the reference 
component of the task was most pronounced only in the last four blocks of training (Fig. 5A). 
Therefore, it is difficult to fully determine the SG+/- mice phenotype based on this measure in 
the present RAM task. Indeed, the delayed acquisition of the reference memory component 
relative to the working memory component in the four-baited/ four-unbaited version of the 
RAM has previously been observed in rats (Pothuizen et al., 2004). The authors suggested 
that the rate of acquisition for both types of memory can differ, such that it takes longer for 
the subject to acquire the reference memory version of the task. This supports the view that 
the ability to detect an acquisition deficit in the reference memory domain may be critically 
determined by the test condition/paradigm. Schmitt et al. (2003) showed that GluRA (GluR1) 
knock-out mice exhibited a reference memory deficit in a RAM design similar to the one 
here, and yet these mutants displayed normal spatial reference learning when evaluated in the 
water maze (Reisel et al., 2002). This apparent inconsistency was resolved by Schmitt et al. 
(2003), who demonstrated that when the animals were prevented from making any working 
memory errors in the RAM task, the GluR1 knockout mice were able to acquire the reference 
memory component of the test. One explanation is that re-entries into a previously baited arm 
(i.e., a working memory ‘correct’ error) may foster associations between positive arms and 
non-reward, which thereby interferes with the stability of the reference memory trace 
 29
(Pothuizen et al., 2004; Schmitt et al., 2003). Accordingly, an increased number of working 
memory errors may give rise to the poor reference memory performance. This possibility 
cannot be excluded in our SG+/- mice. Additional experiments using Schmitt et al.’s (2003) 
modified version of the RAM task would be highly instrumental in testing whether the 
emergence of a reference memory deficit in the RAM task here may also be due to the 
concurrent working memory demand.  
 
From mnemonic to non-mnemonic phenotypes 
Next, the spontaneous T-maze alternation experiment is a paradigm that is open to both a 
mnemonic and non-mnemonic interpretations (see Gaffan & Davies, 1982). The alternation 
response is attributable to the natural tendency of rodents to explore novel elements in their 
environment (Dember & Fowler, 1958), and therefore relies on the identification of the 
familiar from the novel. It is unlikely that SG+/- mice suffered from a general impairment in 
novelty preference, because they were not impaired in the object recognition memory test, 
which also relies on a natural preference for the novel over the familiar discriminanda. On the 
other hand, the possibility of impaired spatial habituation over a short period of time cannot 
be entirely excluded given that the SG+/- mice had failed to show clear locomotor habituation 
in the elevated plus maze (see discussion later), although habituation over a longer period of 
time was intact as shown in the open field experiment. A critical difference between the T-
maze alternation test and object recognition test might be the use of spatial instead of non-
spatial discriminanda. Preferential deficit in spatial information processing is a hallmark of 
hippocampal dysfunction (O’Keefe & Nadel, 1978), and the dissociation between the two 
tests here may again reflect an impact of global SynGAP deficiency on hippocampus-
dependent cognitive processes.  
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 Alternatively, the interpretation of behavioural perseveration emphasizes the persistence of 
a preferred response (based either on egocentric or allocentric cues). This view would also 
predict the presence of a phenotype in the T-maze but not the object recognition test, because 
exposure to the first arm in the former test was chosen by the mice rather than dictated by the 
experimenter (as in the object recognition test). Consequently, repetition of the same choice 
may be interpreted as persistence of a preferred response. Although a sequential choice 
(instead of a one-choice) paradigm of spontaneous alternations (see Deacon & Rawlins, 2006) 
would be useful as a further test of this interpretation, the present paradigm is also highly 
sensitive to septo-hippocampal damage (Dalland, 1970), which is known to result in various 
forms of behavioural perseveration (e.g., Douglas, 1967; Gray & McNaughton, 1983; Jarrard 
& Issacson, 1965; Kimble, 1968). Hence, it is tempting to speculate that the behavioural 
phenotypes of SG+/- mice may stem from disturbed hippocampal-dependent mnemonic as 
well as non-mnemonic processes. However, whether behavioural perseveration might have 
contributed to the emergence of the spatial working memory (and perhaps even reference 
memory) deficit observed in the radial arm maze remains to be further examined.  
 Notably, SG+/- mice were hyperactive in the open field, and appeared less anxious in both 
the elevated plus maze and open field. Although locomotor activity and anxiety are potential 
confounds of each other in both tests, statistical evaluation suggested that the presence of the 
anxiolytic phenotype cannot be solely explained in terms of the concomitant elevation in 
spontaneous activity in the first elevated plus maze experiment reported here. This view is 
strengthened by the outcome of a similar anxiolytic phenotype in the second elevated plus 
maze experiment, which was free from any confounding elevation in activity. Nonetheless, an 
interesting question remains, as to whether the hyperactivity phenotype reflects motor 
activation or a deficit in motor habituation (see above). Both interpretations can be 
considered, but may depend on the duration of testing: motor habituation was absent in the 
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mutant mice over a short period as in the elevated plus maze, but intact over longer periods of 
observation as in the open field. As mentioned above, the former effect may be relevant to the 
interpretation of the T-maze spontaneous alternation phenotype. Yet, hyperactivity and 
anxiolysis are again features common to (although not specific to) hippocampal lesions 
(Bannerman et al., 2003; Bast & Feldon, 2003; Deacon et al., 2002; Galani et al., 1998; Good 
& Honey, 1997; Gray & McNaughton, 1983; Pouzet et al., 1999). In addition, these findings 
are consistent with the known motor-stimulating and anxiolytic effects of systemic NMDA 
receptor blockade (French & Vantini, 1984; Mariusz & Moryl, 1994; Silvestre et al., 1997; 
Tricklebank et al., 1989; Wiley et al., 1995), and are therefore in line with the expected 
impact of SynGAP deficiency on NMDA receptor function.  
 
Divergent phenotypes converging onto the hippocampus? 
Constitutive heterozygous SynGAP knockout is associated with a diverse array of 
behavioural phenotypes as demonstrated here and in an earlier report (Guo et al., 2009). This 
phenotype cannot be primarily attributed to the functional disturbance of a single brain 
structure, given especially that this molecular manipulation affects the mice in a constitutive 
manner. Dysfunction of multiple brain areas may be expected especially when NMDA 
receptor mediated neurotransmission is pertinent to normal function in the entire brain.  
 Our focus on hippocampal-dependent processes represents one possible parsimonious 
explanation for the present collection of data, and is in keeping with the theory of 
hippocampal function developed by Gray and colleagues (Gray, 1982; Gray & McNaughton 
1983; Gray & Rawlins 1986; also see Bannerman et al., 2003), which integrates the relevance 
of the septo-hippocampal system to both memory and emotion. Furthermore, this view is 
consistent with the lack of an effect in the object recognition memory test, for which normal 
performance, at least in rodents, depends on the integrity of the perirhinal cortex (Brown & 
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Aggleton, 2001; Hannesson et al., 2005; Winters et al., 2008), while the precise role of the 
hippocampus remains uncertain (Ainge et al., 2006; Clark et al., 2000; Mumby, 2001). 
However, we do not exclude the potential indirect contribution of SynGAP heterozygous 
deficiency in extra-hippocampal structures – their contribution to the phenotypes observed 
here may at least be partly mediated via a disturbance of normal hippocampus-dependent 
cognitive processes. Indeed, we (Muhia et al., in preparation) have obtained evidence for 
functional disturbances outside the hippocampus in the form of decreased reactivity to an 
acute systemic challenge of amphetamine. Despite this, the presence of a largely intact 
reference memory function in the water maze task and severe working memory deficit in the 
RAM task suggests strongly of hippocampal dysfunction in SG+/- mice. This is in accordance 
to the working memory theory of hippocampal functioning proposed by Olton and colleagues 
(Olton & Papas, 1979; Olton et al., 1979), which posits that although the hippocampus is 
crucial for working memory function, it may not be essential for at least some versions of 
reference memory learning. 
 
Anatomical phenotypes in the hippocampus 
Based on our current findings, the likely relevance of hippocampal functional disturbance has 
led us to characterize the morphological abnormalities within the hippocampus in naïve SG+/- 
mice, age-matched against the behaviourally tested subjects. Such changes also indicate the 
presence of physiological changes that are secondary to the expected direct impact of 
SynGAP deficiency on NMDAR signalling system, which might be relevant to the observed 
phenotypes in these mice.  
 Firstly, a marked reduction in adult hippocampal neurogenesis was observed. This is not 
surprising given that the Ras signalling cascade is the key modulator of multiple effects of 
neurotrophic factors, including neuronal differentiation, proliferation and survival (Huang & 
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Reichardt, 2003; Kaplan & Miller, 2000). Deregulation of this cascade owing to SynGAP 
deficiency is expected to reduce differentiation and/or increase apoptosis of newly 
differentiating cells, thereby lowering the number of newborn cells that finally integrate into 
the granular cell network of the dentate gyrus (DG). Although the precise functional 
contribution of hippocampal neurogenesis remains enigmatic (Eisch et al., 2008), its 
attenuation is at least consistent with our speculation of altered hippocampus-dependent 
memory processes (Bruel-Jungermann et al., 2007; Gould et al., 1999; Leuner et a., 2006). In 
particular, it is noteworthy that blockade of hippocampal neurogenesis spares spatial 
reference memory in the water maze task (Saxe et al., 2006), but impairs spatial working 
memory (Iwata et al., 2008; Winocur et al., 2006). A similar pattern of results was also 
demonstrated in NF-κB p-50 deficient mice with a 50% reduction of newly born cells in the 
DG (Denis-Donini, 2008).  
 Secondly, we observed a significant reduction of calbindin-positive interneurons in the 
CA1/CA3 hippocampal sub-fields (stratum oriens, CA3 stratum radiatum and stratum 
lucidum) of SG+/- mice, which might stem from the apoptosis of calbindin-positive 
GABAergic neurons reported in homozygous knockout SG-/- neonatal mice (Knuesel et al., 
2005). Our recent observation of a reduction in Reelin-expressing GABAergic interneurons in 
SG+/- mice (Knuesel et al., 2009) is also suggestive of altered hippocampal GABAergic 
regulation in these animals. This is not surprising because unlike other members of the PSD, 
SynGAP is also present at glutamatergic synapses localized on GABAergic interneurons 
(Zhang et al., 1999). Given that this pool of GABAergic interneurons is believed to regulate 
the excitability of hippocampal pyramidal cells, their normal function is pertinent to the 
maintenance of normal hippocampal network function. Indeed, the significance of altered 
hippocampal GABAergic regulation for both mnemonic and non-mnemonic function has also 
been emphasized by others (Crestani et al., 1999; Hauser et al., 2005; Löw et al., 2000; Yee et 
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al., 2004). Although we have not examined AMPA receptors density, abnormal recruitment of 
AMPA receptors at glutamatergic synapses previously reported in cultured neurons obtained 
from SG-/- mice (Kim et al., 2005; Rumbaugh et al., 2006) may also contribute to the observed 
phenotypes if proven to be present in vivo. However, any conclusion regarding causal links 
between brain pathophysiology and behavioural deficits observed in the heterozygous 
SynGAP knockout mice is premature and must be subjected to further direct tests.  
Conclusion 
The present study has provided further specifications for the functional relevance of SynGAP 
expression to behaviour, and concludes that the phenotypes observed in of SG+/- mice are 
diverse, but may possibly be accounted for by alterations in hippocampus-dependent 
cognitive processes. It does not imply that SynGAP deficiency within the hippocampus alone, 
including the resulting secondary morphological changes, would necessarily be sufficient to 
produce the behavioural phenotypes identified here. This question can be empirically 
addressed by region-specific gene knockout achieved by Cre-loxP recombination systems or 
using recombinant viral vectors, allowing the comparisons of behavioural effects produced by 
knockout of the same gene confined to specific brain structures.  
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LEGENDS 
Table 1. Summary of subjects employed and sequence of behavioural experiments 
carried out 
The behavioural tests were carried out in three independent cohorts comprising 45 mutant 
(SG+/-) and 45 wild type (SG+/+) control littermates. Cohort 1 was employed in the physical 
and neurological assessment, elevated plus maze, open field and radial arm maze (RAM) 
tests. §Four SG+/+ mice (3♀; 1♂) and seven SG+/- mice (4♀; 3♂) were dropped from the RAM 
task because they failed persistently to consume any food pellets within the allotted task time 
(10 min). Subjects from cohort 2 were tested for spontaneous alternation on the elevated T-
maze and in the Morris water maze. Half the subjects (4 per sex per genotype) from this 
cohort were examined in the object recognition test. Finally, cohort 3 was also tested in the 
elevated plus maze, firstly as a replication, and secondly in order to obtain additional anxiety-
related measures. The notations depicting the sequence of experiments are also specified in 
the appropriate headings of each results section. ♀, females; ♂, males. 
 
Table 2. Summary of behavioural measures across three paradigms assessing sensory 
and motor function  
SG+/- mice performed similarly to controls in the hanging wire and thermal nociception tests. 
Although overall latency to fall in the rotarod was comparable for both genotype groups, 
SG+/- mice were initially impaired relative to SG+/+ controls in the first and second trials (**P 
< 0.01, * P < 0.05, respectively) of the task. In addition, female SG+/- mice were impaired 
relative to female SG+/+ controls in trial 1 (# P < 0.01). ♀, females; ♂, males. 
 
Figure 1. Elevated plus maze assessment of anxiety-related behaviour. A) Percentage 
frequency of entries made into the open arms [open/ (open + closed) × 100%]. B) Percentage 
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time spent in the open arms [open/ (open + closed) × 100%]. C) Distance travelled in the 
maze over the 5 min session (* P < 0.05; ** P < 0.005; *** P < 0.001). All values are 
expressed as mean ± SEM. 
 
Figure 2. Spontaneous locomotor activity in the open field test. A) Locomotor activity was 
expressed as distance travelled in successive 5-min bins. B) Mean distance travelled over the 
60 min period (**P < 0.01). C) Mean distance travelled in the centre of the open field. (* P < 
0.05). D) Mean number of entries into the centre of the open field. (* P < 0.05). All values are 
expressed as mean ± SEM. 
 
Figure 3. Spatial reference memory in the Morris water maze task. Acquisition of the visible 
platform version of the task across trials based on escape latency (A) and path length (D). 
Acquisition of the spatial reference memory task was comparable for both genotype groups 
based on escape latency (B) and path length (E). Retention of reference memory was assessed 
in the transfer test and expressed as a function of 15 s bins (B1-B4) for percentage time (C) 
and percentage path length (F). The dotted line denotes chance level performance (at 25%). 
(NE-North East; NW-North West; SE-South East; SW-South West quadrants).Values 
expressed as mean ± SEM. 
 
Figure 4. Concurrent evaluation of spatial reference and working memory in the eight arm 
radial maze. A. Reference memory (RM) errors indicating the first entry into any arm that 
was never baited. B. Working memory ‘correct’ (WMC) errors indicating re-entries into 
baited arms where the reward was already consumed. C. Working memory ‘incorrect’ (WMI) 
errors indicating re-entries into never baited arms. Values expressed as mean ± SEM. 
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Figure 5. Spontaneous object recognition task. Object recognition memory assessed across 
four delay intervals (1 min, 3 min, 40 min and 24 h) in SG+/+ and SG+/- mice. Abbreviations: 
f, familiar object; n, novel object. Values expressed as mean ± SEM. 
 
Figure 6. Immunohistochemical evaluation of the adult hippocampus of SG+/+ (A, C, D, G) 
and SG+/- mice (B, E, F, H) using anti-calbindin (CB) and anti-doublecortin (DCX) 
antibodies. A-B) The SG+/- mice showed markedly decreased levels of calbindin-
immunoreactivity and a pronounced reduction in the number of CB-positive cells in the 
whole hippocampus compared to SG+/+ littermates. C-F) This was particularly prominent in 
the CA1 stratum oriens (so), radiatum (sr), CA3 stratum lucidum (sl) and radiatum. The 
arrowheads in A point to the abundant CB-positive interneurons in SG+/+ mice. G-H) SG+/- 
mice also showed a significantly lower number of DCX-positive cells in the subgranular zone 
(sgz) of the DG as compared to SG+/+ subjects. Moreover, the dendritic arborization in the 
granular cell layer (gcl) was much less complex in the mutant compared to wild type mice. I-
J) Unbiased stereological quantification of the total number of CB- and DCX-positive cells, 
estimated along the whole septo-temporal axis of the hippocampus. * P < 0.05, *** P < 
0.001. Scale bars: 200 μm (A-B); 50 μm (C-F); 20 μm (G-H). Values expressed as mean ± 
SEM. 
 
Table 1.  Summary of subjects employed and sequence of behavioural experiments carried out 
 
Cohort Sequence of experiments Duration (days) SG
+/+ mice SG+/- mice 
      ♀ ♂ ♀ ♂ 
1 (1.1) Elevated plus maze 1 11 9 10 9 
 (1.2) Open field  1 11 9 10 9 
 (1.3) Hanging wire 1 11 9 10 9 
 (1.4) Rotarod 1 11 9 10 9 
 (1.5) Thermal nociception 1 11 9 10 9 
 (1.6) Radial arm maze 24 8§ 8§ 6§ 6§ 
2 (2.1) Spontaneous alternation 1 8 8 8 8 
 (2.2) Reference memory in water maze 11 8 8 8 8 
 (2.3) Object recognition 11 4 4 4 4 
3 (3.1) Elevated plus maze  1 6 3 6 4 
 
Table 2.  Summary of behavioural measures across three paradigms assessing 
sensory and motor function  
 
Experiment SG+/+ mice SG+/- mice 
 ♂ ♀ ♂ ♀ 
Hanging wire test 84.1 ± 8.9 s 120 ± 8.5 s 80.9 ± 8.9 s 108.5 ± 8.1 s 
Accelerating rotarod     
Trial 1 152.6 ± 27.9 s 272 ± 26.4 s 182.6 ± 27.9 s** 110. 5 ± 25.2 s**# 
Trial 2 203.9 ± 27.1 s 291.5  ± 25.7 s 228.9  ± 27 s* 210.3 ± 24.5 s* 
Trial 3 178 ± 30.2 s 247.1 ± 28.6 s 222.3 ± 30.2 s 181.5 ± 27.3 s 
Thermal nociception 4.4 ± 0.5 s 3.7 ± 0.5 s 3.7 ± 0.5 s 3.3 ± 0.5 s 
 






